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Runaway electrons in a gas diode with a wedge-shaped cathode
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The features of electron runaway in a gas diode with a wedge-shaped cathode providing a sharply inhomogeneous

distribution of the electric field in the interelectrode gap are studied. It is shown that the character and conditions

of runaway are qualitatively different for wedges with relatively large and small opening angles, i.e., in fact, for

different degrees of field inhomogeneity. In the first case, the transition to the runaway mode is determined by the

behavior of electrons in the immediate vicinity of their starting point, the vertex of the wedge-shaped cathode. For

a wedge close in shape to a blade (opening angle less than 30◦ degrees), the relative contribution of the braking

force for electrons in the gas increases with distance from the cathode, and their behavior at the periphery, near the

anode, begins to play a key role in the analysis of runaway conditions. The influence of an external magnetic field

on the geometry of the ionized region near the wedge vertex, starting from which the electrons become runaways,

is also discussed.
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Introduction

Free electrons in a gas or plasma are capable of continu-

ous acceleration when a sufficiently strong external electric

field is applied [1–3]. The presence of such — runaway —
electrons (RAEs) in gas discharges has been established

experimentally: see, for example, [4–16]. Under laboratory

conditions, they gain energies of tens to hundreds of kilo-

electron volt [10,12,13,17–20] and even higher [21]. The

speed of RAEs becomes comparable to the speed of light,

as a result of which they cross the gas gap with a length

of units to tens of millimeters for tens to hundreds of

picoseconds. During these times, the RAEs pre-ionize the

gap, thereby initiating its breakdown in the sub-nanosecond

time range [19,22–26] (see also [6,16,27–33]). Note that

the RAEs energy can exceed the energy corresponding

to the voltage applied to the gap. The registration of

such
”
anomalous“ electrons was first reported in [8]. This

phenomenon has been investigated in detail experimentally

and theoretically for cathodes of different geometries, e.g.,

in [18,19,22,24,34].

In conditions of a homogeneous electric field, the

mass transition of free electrons into the runaway mode

occurs when its strength E exceeds some threshold

value Ec, depending on the gas grade and its density

(pressure) [3,6,28,35]. What is meant here is a situation

where electrons can become runaway electrons regardless

of their initial energy. In particular, low-energy thermal

electrons run away, which is why this mode is often called

”
cold“ or

”
thermal“ runaway — see, for example, [36].

According to [28,29], Ec ≈ 270 kV/cm can be taken for

atmospheric air at a pressure of 760 Torr and a temperature

of 300K (other estimates for the critical field in the range of

220−450 kV/cm are given in [35–39]). The threshold char-

acter of electron runaway is due to the non-monotonicity

of the dependence of the friction (braking) force acting on

electrons in the gas on their kinetic energy ε. For low ener-

gies, the frictional force increases with increasing ε, reaching

some maximum Fmax at energies εc on the order of 100 eV.

For air, the maximum is at the energy εc ≈ 110 eV [35,40]
(note that other values, such as 150 eV in [28,29], are

given in the literature). For energies greater εc, but not

reaching relativistic values in units of mega-electronvolts,

the frictional force decreases with increasing ε because of

the falling cross section of the interaction of fast electrons

with gas particles. As a consequence, if an external force

exceeding in absolute value Fmax acts on the electron, it

will accelerate unboundedly — run away. The criterion

for
”
cold“ runaway of electrons in a homogeneous field is

E > Ec ≡ Fmax/e (here e is elementary charge) or U > EcD
in terms of the potential difference U applied to a gap of

length D.

In laboratory experiments with RAEs, the electric field

distribution is often sharply inhomogeneous — its strength

in the gap varies by more than an order of magnitude.

This is due to the use of pointed cathodes [20,24,41–46],
providing local field enhancement at the tip to values

necessary for the initiation of field-emission processes and,
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as a consequence, the appearance of primary free electrons

in the gas. In addition, from a practical point of view,

it is much easier to ensure the realization of conditions

for the transition of electrons to the runaway mode in a

relatively small near-cathode region than in the entire gap,

when much higher voltages would be required. An electron

that has gained sufficiently high energy in the field-enhanced

area near the pointed cathode can continue to run away in

the peripheral area with a relatively low field due to the

rather rapid, according to the law ε−1 ln ε [47], decrease

in friction force with increasing ε. Thus, for example,

in a homogeneous field for an air gap with a length of

20mm for
”
cold“ runaway of electrons, a sufficiently high

value (from the practical point of view) of the applied

potential difference, at least EcD = 540 kV, is required. In

the inhomogeneous field caused by the use of a tubular

edge cathode with an edge radius of 200 µm, at the same

gap length, RAEs were recorded at much lower voltage

values — 84 kV [41]. This corresponds to an average field

in the interval 42 kV/cm, which is obviously less than the

threshold value Ec. The field at the cathode edge was

estimated to be 500−600 kV/cm, i.e., larger than Ec. We

note that the E > Ec condition at the cathode edge is only

a necessary, but not a sufficient, runaway condition. In the

opposite case, RAE generation could occur at any small

(but finite) voltages applied to the gap in the case of using

a cathode with a sufficiently small radius of curvature of the

tip to fulfill this condition, which, of course, does not make

physical sense. A series of works [44,48,49] purposefully

investigated the conditions of electron runaway in the air

gap
”
tubular edge cathode — flat anode“ as a function of

the radius of rounding of the cathode edge. On the basis

of analytical and numerical studies of the RAE dynamics,

it was concluded that in the conditions of a sharply

inhomogeneous field, the condition of voltage U exceeding a

certain threshold Uc, depending both on the gas parameters

and on the gap geometry, is stronger than the E > Ec

condition. Indeed, in experiments [44] with an air gap

of 7.5mm, RAEs were observed only at U > 40− 44 kV,

despite the field strength significantly exceeding the value Ec

at the cathode edge sharpened to extremely small values of

the rounding radius 5−50 µm.

In the present paper, we consider the dynamics and con-

ditions of runaway of electrons starting from the edge of a

wedge-shaped cathode with an arbitrary opening angle. This

will allow us to study how the character of electron runaway

changes when the degree of inhomogeneity of the electric

field distribution varies. The field strength decreases with

distance r from the wedge edge according to a power law,

E ∝ rγ−1, where the exponent γ depends on the opening

angle and belongs to the range 1/2 ≤ γ ≤ 1 (see Section 1).
The upper limit of this interval (γ = 1) corresponds to

the trivial case of a uniform field, E = const, realized for

a wedge with an angle of 180◦, i.e., for a flat cathode.

The lower limit (γ = 1/2) — the case of a sharply

inhomogeneous field E ∝ 1/
√

r , realized for the blade

cathode (wedge with zero opening angle) and the related

tubular sharp-edge cathode [49,50].

In result of our consideration, it will be shown that the

behavior of RAEs in the electric field of a wedge-shaped

cathode with relatively large (exceeding ∼ 30◦) opening

angles, is generally similar to the behavior of electrons in

a uniform field. The possibility of their transition to the

runaway mode and subsequent acceleration in the whole

gas gap is entirely determined by the local distribution of the

electric field in the area from which they start. For a sharp

wedge whose opening angle is smaller than ∼ 30◦ (note that
the value of the angle depends logarithmically weakly on the

system size, see section 5), local processes near the cathode
edge cease to play a determining role, and the runaway

conditions take on a nonlocal character. An electron that

has passed to the runaway mode in the near-cathode region

may begin to slow down and eventually become thermal at

the periphery, in the area of the weak electric field. In such

a situation, when analyzing the possibility of continuous

acceleration of the electron in the entire gas gap, the balance

of forces acting on it near the anode begins to play a key

role. The nonlocality of the processes under consideration

is manifested in the fact that the braking force acting on

the electron near the anode depends on the kinetic energy

with which it reaches it, and to determine this energy it is

necessary to take into account the entire prehistory of its

motion.

Also in connection with recent experiments [20,51] on the

control of RAE flows in air gaps by means of an external

guiding magnetic field, the paper discusses its influence on

the geometry of the electron runaway area near the top

of the wedge (the ionized region, starting from which the

electrons will run away). It is demonstrated that this area

begins to deform (shrink) noticeably at values of magnetic

induction in units of tesla.

1. Problem statement, results of
numerical calculations of runaway
conditions

We investigate the peculiarities of electron runaway in

a gas diode under inhomogeneous electric field conditions

caused by the use of a wedge-shaped cathode. Consider a

cathode in the form of an ideal (with zero edge rounding

radius) wedge with an opening angle β (Fig. 1). The

origin coincides with the top of the wedge; the x-axis lies

in the plane of symmetry of the system, and the y-axis

is perpendicular to it. Since RAEs are generated at the

initial stage of breakdown development, and their number

at the conditions threshold for runaway is minimal, it can

be considered that they cross the gap when the electric

field distribution is not yet distorted by the bulk electric

charge. Then the electric field potential (ϕ) will satisfy the

Laplace equation, which is conveniently written using polar
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Figure 1. Geometry of the interelectrode gap for β = 30◦ and

D = 7.5mm

coordinates with origin at the top of the wedge:

∂2ϕ

∂r2
+ r−1 ∂ϕ

∂r
+ r−2 ∂

2ϕ

∂θ2
= 0.

Here r =
√

x2 + y2 is the distance from the point, and

θ = arctan(y/x) is the angle read from the x axis. The

solution for ϕ is found by separation of variables —
by substituting ϕ − ϕ0 = A(r)B(θ), where A and B are

unknown functions, and ϕ0 is the cathode potential, which

without loss of generality can be assumed to be zero (the
anode potential will be positive). Taking into account the

symmetry of the problem with respect to the plane y = 0,

we get:

ϕ(r, θ) = U(r/D)γ cos(γθ), (1)

where D is interelectrode distance, U > 0 is constant

potential difference applied to the interelectrode gap, γ

is some positive (otherwise the potential will not go to

zero at the top of the wedge r = 0) constant. Thus,

a power dependence of the potential on the distance to

the wedge edge ϕ ∝ rγ is realized, in which the degree

of inhomogeneity of the field distribution in the gap is

characterized by the exponent γ .

Let us now require the equipotentiality condition for

the faces of the wedge: ϕ|θ=±π∓β/2 = 0. Substituting

here the expression (1) leads to the simple trigonometric

equation cos(πγ − βγ/2) = 0, the solution of which gives

the following relationship between the exponent γ and the

wedge opening angle β :

γ =
π

2π − β
. (2)

For the allowable range 0 ≤ β ≤ π of wedge opening

angles, it gives the following range of values: 1/2 ≤ γ ≤ 1

(graphically, the relationship of γ and β is shown in Fig. 2.

The upper limit of this range (γ = 1) corresponds to an

expanded angle of 180◦ . In this case, the cathode is flat

and the electric field is homogeneous. The lower bound

(y = 1/2) corresponds to an infinitely thin wedge, β = 0◦,

i.e., a blade cathode. The electric field decreases with

distance from the blade edge according to the root law

E ∝ 1/
√

r .
From general considerations, it is clear that the direction x

is the most favorable for the runaway of electrons. There-

fore, to investigate the conditions of runaway — determining

the minimum value of the voltage at which the electrons

starting from the top of the wedge runaway — it is sufficient

to consider the one-dimensional problem of the motion of

free electrons along the symmetry axis x (in this case θ = 0

and r ≡ x). According to (1), the electric field potential ϕ

and the absolute value of electric field strength E are given

by the expressions

ϕ(x) =
Uxγ

Dγ
, E(x) =

∣

∣

∣

∣

dϕ
dx

∣

∣

∣

∣

=
γUxγ−1

Dγ
(3)

i.e. ϕ ∝ xγ and E ∝ xγ−1. In force the negativity of the

degree exponent γ − 1 for E (except for the trivial case

of γ = 1), the field is enhanced in the region of small x
(formally, E → ∞ at x → 0), which is necessary both to

initiate the field emission of primary free electrons and for

their transition to the runaway mode.

The equation of one-dimensional motion of an electron

starting from the cathode with zero velocity is conveniently

written in terms of its kinetic energy ε(x) [6,28]:

dε
dx

= f (x , ε), ε(0) = 0, (4)

where f = eE(x) − F(ε) is the total force acting on the

electron. The first term (eE) corresponds to the force acting

on the particle from the electric field. The second term (F)
is the friction (braking) force acting on the electron in the

gas, to determine which we will use the non-relativistic

Bethe [35,47] formula, represented in compact form

F(ε) =
eEcεc

ε
ln

2.718ε

εc
(5)

0 45 90 135 180

γ

0.5

0.6

0.7

0.9

1.0
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0.8

Figure 2. Dependence of the field inhomogeneity exponent γ on

the opening angle of the wedge-shaped cathode β .
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Figure 3. The threshold voltage for electron runaway as a function

of the field inhomogeneity exponent γ (gas — atmospheric air at

pressure 760Torr and temperature 300K, D = 7.5mm): Uc —
numerical calculation, Uloc — local criterion (7).

when using the values Ec and εc (here 2.718 is the base of

the natural logarithm). Note that in numerical calculations

in the range of relatively low energies ε < 0.72εc ≈ 79.2 eV

we will use the approximation F ∝ √
ε instead of for-

mula (5). It corresponds to an electron drift with fixed

mobility. In the high energy band, the applicability of

formula (5) is limited by the condition ε < mc2 ≈ 510 keV,

where m is the rest mass of the electron, c is the speed

of light. It is clear that the description of electron

motion within the framework of the compact equations (4)
and (5) is a considerable simplification; up-to-date data on

electron-medium interaction cross sections can be found, for

example, in the NIST database.

The RAE is assumed to be continuously accelerated

throughout the interelectrode gap. Then the runaway

condition is

f > 0, 0 ≤ x ≤ D, (6)

and the threshold value of the applied potential difference U
for runaway will be its minimum value Uc, at which (6) is

satisfied.

In Fig. 3, the red solid line (in the online version)
shows the results of a numerical study of threshold runaway

conditions for D = 7.5mm (this gap length corresponds

to experiments [44]), εc = 110 eV, and Ec = 270 kV/cm

(these values correspond to atmospheric air at a pressure

of 760 Torr and a temperature of 300K [28,29,40]). Equa-

tion (4) was solved for field inhomogeneity exponents γ

over the entire allowable range of values of 1/2 ≤ γ ≤ 1.

In result of varying the voltage U , a threshold Uc, below

which the electron stopped running away, was calculated.

For γ = 1(the case of a homogeneous field), as one would

expect, Uc is maximized and equal to EcD = 202.5 kV.

The local electric field enhancement near the tip at γ < 1

facilitates the transition of the free electron into the runaway

mode and consequently leads to a decrease in Uc. As the

degree of field inhomogeneity increases (i.e., as the value

of the exponent γ decreases), the value Uc monotonically

decreases, reaching a minimum ≈ 25.8 kV at γ = 1/2.

2. Local runaway criterion

We will call local a criterion, for which the key for

the transition of the electron into the runaway mode is

its dynamics in the region from which it starts. In our

case, this is the neighborhood of the apex of the wedge-

shaped cathode. It is assumed that if the electron has not

become thermal in this region, it will run away in the rest

of the gap as well. Thus, in a weakly inhomogeneous field

(dE/dx ≪ U/D2) the runaway condition of an electron

starting from some point x0, is the inequality E(x0) > Ec,

i.e., the runaway condition is clearly of local character —
all determines the field distribution at the starting point.

In the case of a sharply inhomogeneous field of interest to

us, such a criterion loses significance: the value of E(0)
formally goes to infinity at γ < 1.

A more adequate, yet still local, criterion may be pro-

posed, based on the requirement that the E > Ec condition

must be satisfied at the point x c, at which the electron gains

energy εc and, according to formula (5), the frictional force

is maximum. The position of this point in the vacuum

approximation (i.e., neglecting energy losses in collisions

with gas molecules) is determined from the equation

εc = eϕ(x c). The runaway threshold — magnitude Uloc in

terms of the voltage applied to the gap — is then found

from the condition E(x c) = Ec. Given the field and potential

distributions (3), we obtain a system of equations with two

unknowns Uloc and x c :

εc =
eUlocx

γ
c

Dγ
,

γUlocx
γ−1
c

Dγ
= Ec.

We find it from it

Uloc =
(εc

e

)1−γ
(

EcD
γ

)γ

, x c =
γεc

eEc

. (7)

The runaway criterion

U > Uloc(γ) (8)

can be considered local since under the considered condi-

tions at 1/2 ≤ γ ≤ 1 will be x c ≈ 2− 4µm, i.e., the point

x = x c is in close proximity to the cathode.

The dependence of Uloc on γ corresponding to (7) is

shown in Fig. 3 by the blue dashed line (in the online

version). It can be seen that the local runaway criterion (7),
(8) is exact in the trivial case of the homogeneous

field γ = 1, when Uloc = Uc = EcD = 202.5 kV. It gives

acceptable accuracy (i.e. Uloc ≈ Uc) for values of the

exponent γ approaching unity, i.e., for the case of a weakly

inhomogeneous distribution of the electric field in the gap

(a wedge with a large opening angle β). At the same time,

it is obvious from the figure that the criterion (7), (8) is

inapplicable for values γ close to 1/2 (wedge with small β).
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Thus, Uloc(0.5) ≈ 6.7 kV, which is almost four times smaller

than the numerically calculated value of Uc(0.5) ≈ 25.8 kV.

This means that in the case of a sharply inhomogeneous

field, the runaway criterion is not local, and the processes

both near the cathode and at the periphery will determine

the runaway threshold. We will discuss the reasons for this

behavior of electrons in Sections 3 and 4.

3. Reasons for the limitations
in applicability of the local runaway
criterion

Let us discuss the motion of an electron in space not

confined by the anode, i. e., when its energy can grow

unlimitedly with time. Let us compare the forces acting on

the electron eE and F at x → ∞. Suppose here eE ≫ F ,
i.e. the electron at the periphery moves as in vacuum,

and the energy gained by it will be determined by the

passed potential difference: ε(x) ≈ eϕ(x). In this case,

ε ∝ xγ , which allows us to estimate the friction force (5)
as F ∝ x−γ ln x . Comparing this force with the electric one

eE ∝ xγ−1, we find that our assumption of the dominance

of eE over F is valid at 1/2 < γ ≤ 1 and is violated by the

presence in (5) of a logarithmic multiplier at the single point

γ = 1/2, corresponding to the zero opening angle of the

wedge (blade cathode). This means that if an electron has

gone into runaway mode near the cathode, it will continue

to run away at the periphery at 1/2 < γ ≤ 1. At γ = 1/2,

in the x → ∞ limit, the frictional force F will dominate the

electric force eE . The electron will start to lose energy and

will inevitably become thermal.

Thus, the electron dynamics is qualitatively different

for the cases of γ = 1/2 and γ > 1/2. However, these

differences are evident in the limit x → ∞. In real situation,

when the trajectory of the electron is limited by the gap

0 ≤ x ≤ D, a smooth transition between these cases should

be expected when the value of the exponent γ decreases,

and the answer to the question of the conditions and

character of the runaway of electrons requires a more

detailed analysis.

4. Two modes of electron runaway

To illustrate the differences in RAE dynamics at dif-

ferent γ , we give characteristic distributions of the total

force acting on the electron f in the interelectrode gap

0 ≤ x ≤ D when the voltage U minimally exceeds the

threshold Uc. It is convenient to introduce a dimensionless

reduced (normalized by eE) force

f n ≡ f /(eE) = 1− F/(eE),

which for RAEs is always in the interval 0 < f n < 1. The

Fig. 4 shows the dependencies of f n(x) for γ = 0.5, 0.7,

0.9. They confirm our assumption about the different

nature of RAE behavior for different parts of the allowable

0 2.5 7.5

f n

0

0.25

0.50

1.00

0.75

5.0

g = 0.9
U = 131.2 kV

g = 0.7
U = 47.6 kV

g = 0.5
U = 25.8 kV

x, mm

Figure 4. Distributions of the reduced force acting on the

RAE f n in the interelectrode gap for γ = 0.5, 0.7, 0.9 at near-

threshold voltage values U ≈ 25.8, 47.6, 131.2 kV respectively

(gas — atmospheric air at pressure 760Torr and temperature

300K, D = 7.5mm).

range γ . For large γ (i.e. γ = 0.7 and 0.9 in Fig. 4) inside

the gap there is a pronounced minimum of the reduced

force f n, where its value approaches zero. When the voltage

decreases below the threshold Uc, the force would become

negative; in such a situation, the electron would begin to

lose energy, i.e., it would no longer be runaway. Above

the threshold, the value f n is positive at the minimum.

The electron continuously gains energy in the gap and also

formally in the region behind the anode x > D.

For relatively small γ (i.e. γ = 0.5 in Fig. 4) a

qualitatively different picture is observed. The induced force

decreases monotonically over the entire interval 0 ≤ x ≤ D,

reaching a minimum — zero — value at the anode x = D.

This means that the electron gains maximum energy at the

anode, and behind it formally begins to lose it.

Thus, two modes of electron runaway can be distin-

guished. The first mode — when the runaway threshold is

due to the presence of a force minimum f n inside the gap

(cases of γ = 0.7, 0.9 in Fig. 4). When this narrow spot is

overcome, the electron will continue to run away in the rest

of the gap. The second mode — when the minimum (for
the runaway threshold — zero) value of the reduced force

is at the anode (case γ = 0.5 in Fig. 4). In first mode, the

electron runs away at any x ≥ 0; in the second mode —
only inside the interelectrode gap 0 ≤ x ≤ D. Below, we

analytically formulate and analyze the runaway conditions

for both regimes.

5. Non-local runaway conditions

The above analysis indicates that the local runaway

criterion U > Uloc, based on the analysis of the behavior

of the electron at the place of its start — the vicinity of

the apex of the wedge-shaped cathode, — does not work

Technical Physics, 2023, Vol. 68, No. 9
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for close to 1/2 values of the exponent γ , i. e., at small

opening angles of the wedge (Fig. 2). This is due to the fact

that, as can be seen from Fig. 4, the relative contribution

of the friction force to the total force acting on the electron

increases as it moves toward the anode. In this situation, the

runaway threshold will not be determined by its dynamics

near the cathode, as was assumed in the formulation of the

local runaway criterion (7), (8).
We derive in this section the necessary nonlocal (i. e.,

taking into account the motion of the electron in the whole

gap) runaway criterion. To avoid confusion, we note that the

analyzed criterion has no relation to the nonlocal condition

of the absence of the Townsend multiplication of electrons

αiD ≤ 1 (here αi is multiplication factor), which the authors

[52] proposed to use as a runaway criterion. We will use the

method of successive approximations to derive the criterion.

In first, vacuum approximation, we neglect the friction

force F . The energy of the electron will then be deter-

mined by the potential difference it has traveled through:

εvac(x) = eϕ(x). In the next approximation we will take

into account the influence of the friction force, but for

its calculation we will use the energy of the electron

found at the previous step, i.e. εvac. The total force

acting on the electron is approximated as f (x , εvac(x)).
It is clear that the inequality εvac(x) ≥ ε(x) is always

true. According to Bethe (5) formula, the friction force

decreases monotonically with increasing ε at ε > εc, then

F(εvac(x)) < F(ε(x)) and f (x , εvac(x)) > f (x , ε(x)). This

means, that in the approximation used we overestimate

the total force acting on the electron. Consequently, the

runaway criterion derived from it will underestimate the

voltage threshold; it will be necessary but not sufficient.

Thus, by analogy with (6), the necessary nonlocal

runaway condition is

f (x , εvac(x)) = eE(x) − F(eϕ(x)) > 0, 0 ≤ x ≤ D (9)

and the threshold value of the applied potential difference U
for runaway will be the minimum value Unl, at which

inequality (9) is satisfied. Substituting expressions (3) into

(9), we obtain after simple transformations

γeU2x2γ−1

εcEcD2γ
− ln

(

2.718eUxγ

εcDγ

)

> 0.

To analyze this expression, it is important that its left-

hand side has a minimum at some x = xmin. It is found

from the condition that the derivative of the left-hand side

by x goes to zero, i.e.

γ(2γ − 1)eU2x2γ−2
min

εcEcD2γ
− γ

xmin

= 0.

From here we find that:

xmin =

[

εcEcD2γ

(2γ − 1)eU2

]

1
2γ−1

. (10)

In the trivial case of a uniform electric field (γ = 1,

β = 180◦), when the exact value of the threshold voltage

is EcD, formula (10) gives xmin = εc/(eEc) ≈ 4µm, i.e., the

minimum is in the vicinity of the cathode. This is exactly the

same as the analogous case of γ = 1 for the local runaway

criterion — see (7).
In the opposite limit of γ → 1/2, it follows from (10)

that xmin → ∞ (it is important for this conclusion that U
is finite). This means that for values of γ close to 1/2,

the minimum falls outside the range 0 ≤ x ≤ D, in which

condition (9) must be satisfied.

From this analysis, we can conclude that two types of

runaway criterion should be distinguished depending on the

value of γ . For the first type, the minimum (10) falls within

the interelectrode gap 0 < xmin < D, while for the second

type it is outside it, xmin ≥ D.

In the first case, after passing a
”
narrow“ place in

which the magnitude of the friction force F approaches the

magnitude of the electric force eE , the electron will run

away in the remaining part of the gap. Then to formulate

the runaway condition, it suffices to consider its behavior

at a single point xmin. The electron will run away if the

force f is positive in it. The threshold value for runaway

strength Unl1 (to be precise — its estimate from below)
corresponds to the force turning to zero:

f (xmin, εvac(xmin)) = 0, (11)

or, similarly, a pair of conditions f = 0 and d f /dx = 0,

simultaneously defining values xmin and Unl1. Substitut-

ing (10) into (11) and solving the resulting expression

with respect to U , we obtain the desired nonlocal runaway

criterion of the first type:

U > Unl1(γ), Unl1 =

(

εc

2.718e

)1−γ( EcD
2γ − 1

)γ

. (12)

Using (10) and (12), we find the position of the minimum

force f for the runaway threshold

xmin =
(2γ − 1)εc

eEc

exp

(

2− 2γ

2γ − 1

)

.

With the help of this expression, it is easy to find the

threshold value γc of the exponent γ , below which the first

runaway criterion (12) is not applicable. The threshold

corresponds to the situation where the position of the

force minimum falls on the anode, i.e. xmin = D (more

generally, the threshold γc is determined from the conditions

f |x=D = 0 and d f /dx |x=D = 0). We obtain the following

transcendental equation for γc:

(2γc − 1) exp

(

2− 2γc

2γc − 1

)

=
eEcD
εc

. (13)

It shows that γc depends logarithmically weakly on the

dimensionless complex eEcD/εc or, given that the critical

field Ec is proportional to the gas pressure p [6,35,37],
the product pD. Thus, when the value of eEcD/εc is

varied over a wide range from 800 to 8000 (with the

interelectrode distance D varying from 3mm to 3 cm),
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the value γc changes (decreases) only slightly, from 0.55

to 0.54. According to (2), the corresponding threshold

value of the wedge opening angle changes from 33◦ to 27◦.

For the example considered in this paper (D = 7.5mm,

Ec = 270 kV/cm, εc = 110 eV) we have for the right-hand

side of (13): eEcD/εc ≈ 1840. The solution of (13) is

then γc ≈ 0.546. The following threshold angle of the

wedge corresponds to this value of the exponent: βc ≈ 30◦

(the cathode configuration shown in Fig. 1 corresponds to

this angle value). Given the weakness of the dependence

of γc and βc on system size, the indicated values (0.546
and 30◦, respectively) can be considered universal. Thus,

the criterion (12) is applicable for γc ≤ γ ≤ 1, i. e., for

the case of a weakly inhomogeneous electric field. This

range of values of the exponent γ corresponds to a

wedge-shaped cathode with relatively large opening angles

30◦ < β ≤ 180◦ .

In the second case, the minimum (10) is either outside

the interelectrode gap, xmin > D, or absent altogether

(special case γ = 1/2). The reduced power f n then

decreases monotonically in the gap with distance from the

cathode and is minimal at the anode x = D. Then, for

the runaway of the electron, it is sufficient for the force

to be positive at the anode, i.e. f |x=D > 0. The threshold

voltage Unl2 corresponds to the force turning to zero:

f (D, εvac(D)) = 0.

We obtain from here a non-local runaway criterion of the

second type:

U > Unl2(γ), (14)

where threshold Unl2 is defined by the transcendental

equation

γeU2
nl2

εcEcD
= ln

(

2.718eUnl2

εc

)

. (15)

In a sufficiently wide range of parameters, the approxi-

mation can be used to determine Unl2:

Unl2 ≈
(

εcEcD
γe

(

1.95 + 0.5 ln
eEcD
γεc

))1/2

.

The criterion (14), (15) is applicable for

0.5 ≤ γ ≤ γc ≈ 0.546, i.e., for the case of a sharply

inhomogeneous electric field. This range of values of the

exponent γ corresponds to wedge-shaped cathodes with

small opening angles 0◦ ≤ β ≤ 30◦ .

So, the necessary nonlocal condition for runaway is

U > Unl(γ), Unl(γ) =

{

Unl2(γ), 1/2 ≤ γ ≤ γc,

Unl1(γ), γc < γ ≤ 1,
(16)

where the values Unl1 and Unl2 are determined by expres-

sions (12) and (15). The dependence of the threshold

voltage Unl on the exponent γ corresponding to (16) is

shown in Fig. 5 by the solid green line (in the online

version). The Uc(γ) (red dashed line (in the online

version)) and Uloc(γ) (blue dotted line (in the online
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Figure 5. The solid green line (in the online version) —
the threshold voltage Unl for electron runaway as a function of

the value γ according to the nonlocal criterion (16) (gas —
atmospheric air at pressure 760 Torr and temperature 300K,

D = 7.5mm); the green dot marks the γ = γc ≈ 0.546 boundary

of applicability of formulas (12) and (15), which determine the

values Unl1 and Unl2 . The results of the numerical calculation

of the threshold voltage Uc(γ) (red dashed line (in the online

version)) and corresponding to the local runaway criterion (7),
(8) dependence Uloc(γ) (blue dashed line (in the online version))
are shown for comparison. The inset — enlarged area of the

relatively small γ , the black dot shows the analytical evaluation of

the U0.5 ≈ 32.7 kV [44,48] voltage threshold for γ = 0.5.

version)) dependencies demonstrated earlier in Fig. 3 are

shown for comparison. It can be seen that taking nonlocal

effects into account allowed us to noticeably increase the

accuracy of the analytical runaway criterion in the range of

small, approaching 1/2, values of the exponent γ compared

to the local criterion. In particular, Unl(0.5) ≈ 16.4 kV,

which is much closer to the numerically calculated value

of Uc ≈ 25.8 kV than the local criterion, Uloc(0.5) ≈ 6.7 kV

(see insert in Fig. 5, where the range of 0.5 ≤ γ ≤ 0.6 is

given with magnification).
In significant part of the γc < γ ≤ 1 area, as can be seen

from Fig. 5, the nonlocal runaway criterion is quite weakly

different from the local criterion, i. e. Unl ≈ Uloc . This can

be attributed to the smallness of the ratio xmin/D when

the ratio is sufficiently large γ . So, for example, when

0.59 ≤ γ ≤ 1 it will be xmin/D < 0.01. A sharp increase

in xmin to a value D occurs only in the vicinity of the

boundary value of the exponent γ = γc . This means that

despite the non-local approach used in finding the Unl1(γ)
dependence, the runaway criterion itself at 0.59 ≤ γ ≤ 1

is actually local in nature. The transition of the free

electron into the runaway mode is determined by processes

in the immediate vicinity of the cathode, as for the coarser

criterion (7), (8).
We will discuss separately the runaway conditions

for γ = 1/2. This isolated case, corresponding to the

consideration of the blade cathode, was considered by us

in [44,48,49]. The progress in its analysis was due to the
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revealed possibility of solving the free electron equation

of motion exactly for large ε, when one can neglect the

weak logarithmic dependence on energy in the Bethe (5)
formula and consider F ∝ 1/ε. The threshold voltage U0.5

for this case, according to [44,48], can be estimated from

the transcendental equation

eU2
0.5

8εcEcD
= ln

(

2.718eU0.5

2εc

)

, (17)

differing from (15) by coefficients. For the values of D,

Ec, εc used in this study, formula (17) gives U0.5 ≈ 32.7 kV

(black square in the inset of Fig. 5), which slightly exceeds

the numerically calculated value of ≈ 25.8 kV. The reason

for this discrepancy is that in [44,48] the asymptotic

behavior of the electron at x → ∞, i.e., actually behind the

anode, was analyzed. In numerous calculations of Sec. 1 we

have, more correctly, considered the runaway of an electron

in a given gap 0 ≤ x ≤ D.

6. Runaway area; effect of magnetic field

Above we analyzed the threshold conditions of elec-

tron runaway and therefore limited ourselves to the

consideration of particles starting from the top of the

wedge: their transition to the runaway mode is the

most probable. Consider now the case where, for

a given γ , the applied voltage exceeds the runaway

threshold, U > Uc . In this situation, electrons starting

not only directly from the top of the wedge, but also

from some region of space surrounding the top will be

able to run away. Let us consider the geometry of

such a region, which we will call the runaway area

for the sake of brevity, and in connection with recent

works [20,51] its deformation under the influence of an

external homogeneous magnetic field B , directed along the

axis x.

Let us first define the configuration of the region of space

near the wedge apex in which the absolute value of the

electric field strength exceeds the runaway threshold, i.e.

E = Ec. Its boundary is given by the equality E > Ec. From

Eq. (1), we find

E =

√

(

∂ϕ

∂r

)2

+
1

r2

(

∂ϕ

∂θ

)2

=
γUrγ−1

Dγ
.

It follows that in the plane
{

x , y
}

the boundary is a circle

of radius

rc =

(

γU
EcDγ

)
1

1−γ

.

Since the E > Ec condition is a necessary local condition

for electron runaway, the sought runaway area falls inside

the circle r < rc, i. e. rc gives an upper estimate of its scale.

Let us consider the most important case for applications

γ = 1/2, when the wedge opening angle is zero and the

–150 –100 50 100 150

y,
m

m

–150

–50

–100

0

150

–50

rc

100

50

0
x, mm

B = 0, 1, 2, 3 T

Figure 6. Runaway areas in the vicinity of the blade cathode apex

for B = 0, 1, 2, 3 T (U = 50 kV, D = 7.5mm, gas — atmospheric

air at pressure 760Torr and temperature 300K). The dashed line

shows the area (circle of radius r c ≈ 114 µm) in which the electric

field strength exceeds the threshold Ec .

cathode is a blade (Fig. 6). In this case,

rc =
U2

4E2
c D

. (18)

Let us take for definiteness the voltage value of

U = 50 kV, which is about twice the runaway threshold

(recall that for γ = 1/2 it is about 25.8 kV). We obtain

rc ≈ 114 µm. Note that this estimate agrees with the

calculated in [19,24] dimensions of the near-cathode region

in which free electrons multiply as a result of impact

ionization of gas molecules and their subsequent transition

to the runaway mode.

In Fig. 6, the solid colored lines show the geometry

of the runaway areas for B = 0, 1, 2, 3 T. They were

determined on the basis of numerical calculations of the

three-dimensional dynamics of free electrons launched from

different points in the vicinity of the blade tip and moving

under the action of the Lorentz force and the friction

(braking) force in the gas. These areas fall, as expected,

inside the circle r = rc (black dashed line), where the

necessary local runaway condition E > Ec is satisfied. It

can also be seen that the runaway areas deform (decrease)
with increasing B due to the magnetization of electrons,

which prevents them from gaining energy under conditions

of crossed electric and magnetic fields. This situation is

realized, for example, when electrons start from the side

edges of the cathode.

Let us estimate the characteristic values of magnetic

induction at which the magnetic field begins to have a

significant effect on the RAE. In addition to the scale rc,
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in the presence of a magnetic field there is an additional

scale — the Larmor radius (gyroradius) rg = mu/(eB),
where u =

√
2ε/m is the characteristic velocity of the

electron (we consider it nonrelativistic), m is its mass. It

is clear that in a rigorous analysis of the motion of the

electron the transverse and longitudinal with respect to the

direction of the vector B components of velocity should be

separated; however, for qualitative evaluations it is sufficient

to limit ourselves to the use of the absolute value of velocity.

Obviously, a relatively weak magnetic field, for which the

Larmor radius rg is much larger than rc, will have little

effect on the configuration of the runaway area. It starts to

deform noticeably if the Larmor radius rg is smaller rc . The
threshold value Bc of the magnetic induction is determined

from the condition rg = rc, which, taking into account the

definition of the Larmor radius and the formula (18) for rc
gives √

2mε

eBc

=
U2

4E2
c D

.

The electron energy in the runaway area is esti-

mated in the vacuum approximation from the scale rc :
ε ≈ eU

√
rc/D. Finally, we find

Bc ≈
4m1/2E3/2

c D1/2

e1/2U
.

For the parameters we consider, Bc ≈ 2.3T, which is

consistent with the results of numerical calculations of the

geometry of the runaway areas demonstrated in Fig. 6.

Significant changes in the shape of the runaway areas occur

at values of magnetic induction close to Bc. Importantly, Bc

falls within the range of 1−5T values used to control

RAE flows in [20,51]. This suggests the necessity to take

into account the deformation of the electron runaway area

under the influence of the magnetic field under experimental

conditions.

Conclusion

In work we analyzed the conditions of electron runaway

in a gas diode with a cathode representing an ideal (with

zero radius of curvature of the edge) wedge with an

opening angle in the range 0 ≤ β ≤ 180◦ . At such a

cathode configuration, the electric field distribution in the

interelectrode gap is essentially inhomogeneous. The field

strength satisfies the scaling of E ∝ rγ−1 with 0.5 ≤ γ < 1,

which provides that E formally turns to infinity at r → 0.

Using the example of an air gap with a length of

7.5mm, it was shown that the character of electron

runaway is qualitatively different for cathodes with relatively

large (βc ≤ β < 180◦; βc ≈ 30◦) and small (0 ≤ β ≤ βc)
opening angles. In the first case, when the electric

field distribution can be conventionally considered weakly

inhomogeneous, the transition of electrons to the runaway

mode is determined by their behavior near the top of the

wedge, from where they start. The relative contribution

of the friction force to the total force acting on the RAE

reaches a maximum here. This situation is in general

similar to the one arising for a homogeneous field. In

the second case — the case of a sharply inhomogeneous

field — the relative contribution of the friction force

increases with distance from the cathode, and the narrow

place determining the possibility of electron runaway is no

longer the near-cathode, but the near-anode part of the

gap.

The identified differences in the behavior of electrons at

different degrees of electric field inhomogeneity also lead to

different runaway conditions, (12) and (14), (15), applicable
for angles βc ≤ β ≤ π and respectively 0 ≤ β ≤ βc. Com-

parison of these conditions with the results of numerical

calculations showed qualitative agreement, see the graphs

Unl and Uc in Fig. 5. Note that the threshold value of the

opening angle βc depends very weakly (logarithmically) on

the dimensionless complex eEcD/εc . Thus, when eEcD/εc
is increased by an order of magnitude from 800 to 8000,

the angle changes relatively little: it decreases from 33◦

to 27◦ . This allows us to consider the evaluation of

βc ≈ 30◦, corresponding to the eEcD/εc ≈ 1840 case we

have discussed in detail, to be fairly universal.

The effect of an external magnetic field on the geometry

of the runaway area near the top of the wedge was also

investigated in this work. It was shown that it begins to

deform (shrink) noticeably at values of magnetic induction

in units of tesla when the Larmor radius for the RAE

becomes comparable to the scale of the region of the

subcritical (E > Ec) field near the tip. Just such fields

(B = 1−5T) were used to control the RAE flows in

recent experiments [20,51]. The noted compression of the

runaway area adequately describes the tendency of the

RAE current to decrease with increasing magnetic field

observed in the experiment [20], since the total current

depends on the area of the boundary of the ionized

region.

Funding

This study was supported by grant of the Rus-

sian Science Foundation, project � 23-19-00053,

https://rscf.ru/project/23-19-00053/.

Conflict of interest

The authors declare that they have no conflict of interest.

References

[1] C.T.R. Wilson. Proc. Phys. Soc. London, 37, 32D (1924).
[2] H. Dreicer. Phys. Rev., 115, 238 (1959).

DOI: 10.1103/PhysRev.115.238

[3] A.V. Gurevich. Sov. Phys. JETP, 12, 904 (1960).
http://jetp.ras.ru/cgi-bin/e/index/e/12/5/p904?a=list

[4] S. Frankel, V. Highland, T. Sloan, O. Van Dyck, W. Wales.

Nucl. Instrum. Methods, 44, 345 (1966).

Technical Physics, 2023, Vol. 68, No. 9



Runaway electrons in a gas diode with a wedge-shaped cathode 1213

[5] Yu.L. Stankevich, N.S. Kalinin. Sov. Phys. Dokl., 12, 1042

(1968).
[6] G.A. Mesyats, Yu.I. Bychkov, V.V. Kremnev. Sov. Phys. Usp.,

15 (3), 282 (1972).
DOI: 10.1070/PU1972v015n03ABEH004969

[7] V.V. Kremnev, Yu.A. Kurbatov. Sov. Phys. Tech. Phys., 17,

626 (1972).
[8] L.V. Tarasova, L.N. Khudyakova, T.V. Loiko, V.A. Tsukerman.

Sov. Phys. Tech. Phys., 19, 351 (1974).
[9] P.A. Bokhan, G.V. Kolbychev. Sov. Tech. Phys. Lett., 6, 418

(1980).
[10] V.F. Tarasenko, V.G. Shpak, S.A. Shunailov, M.I. Yalandin,

V.M. Orlovskii, S.B. Alekseev. Tech. Phys. Lett., 29, 879

(2003). DOI: 10.1134/1.1631351
[11] N.A. Ashurbekov, K.O. Iminov, V.S. Kobzeva, O.V. Kobzev.

Tech. Phys. Lett., 33, 517 (2007).
DOI: 10.1134/S1063785007060211

[12] G.A. Mesyats, M.I. Yalandin, K.A. Sharypov, V.G. Shpak,

S.A. Shunailov. IEEE Trans. Plasma Sci., 36, 2497 (2008).
DOI: 10.1109/TPS.2008.2005884

[13] Y. Akishev, G. Aponin, V. Karalnik, A. Petryakov,

N. Trushkin. J. Phys. D: Appl. Phys., 51, 394003 (2018).
DOI: 10.1088/1361-6463/aad704

[14] T. Shao, R. Wang, C. Zhang, P. Yan. High Voltage, 3 (1), 14
(2018). DOI: 10.1049/hve.2016.0014

[15] S.N. Ivanov, V.V. Lisenkov. J. Appl. Phys., 124, 103304

(2018). DOI: 10.1063/1.5024974
[16] V. Tarasenko. Plasma Sources Sci. Technol., 29, 034001

(2020). DOI: 10.1088/1361-6595/ab5c57
[17] V.F. Tarasenko, E.K. Baksht, D.V. Beloplotov, A.G. Bu-

rachenko, I.D. Kostyrya, M.I. Lomaev, D.V. Rybka,

D.A. Sorokin. JETP Lett., 102, 350 (2015).
DOI: 10.1134/S0021364015180149

[18] A. Kozyrev, V. Kozhevnikov, M. Lomaev, D. Sorokin,

N. Semeniuk, V. Tarasenko. Europhys. Lett., 114, 45001

(2016). DOI: 10.1209/0295-5075/114/45001
[19] N.M. Zubarev, V.Yu. Kozhevnikov, A.V. Kozyrev, G.A. Mesy-

ats, N.S. Semeniuk, K.A. Sharypov, S.A. Shunailov, M.I. Ya-

landin. Plasma Sources Sci. Technol., 29, 125008 (2020).
DOI: 10.1088/1361-6595/abc414

[20] G.A. Mesyats, E.A. Osipenko, K.A. Sharypov, V.G. Shpak,

S.A. Shunailov, M.I. Yalandin, N.M. Zubarev. IEEE Electron

Device Lett., 43, 627 (2022).
DOI: 10.1109/LED.2022.3155173

[21] G.A. Mesyats, M.S. Pedos, S.N. Rukin, V.V. Rostov, I.V. Ro-

manchenko, A.G. Sadykova, K.A. Sharypov, V.G. Shpak,

S.A. Shunailov, M.R. Ul’masculov, M.I. Yalandin. Appl. Phys.

Lett., 112, 163501 (2018).
DOI: 10.1063/1.5025751

[22] V.Yu. Kozhevnikov, A.V. Kozyrev, N.S. Semeniuk. Rus.

Phys. J., 60, 1425 (2017).
DOI: 10.1007/s11182-017-1232-2

[23] G.V. Naidis, V.F. Tarasenko, N.Yu. Babaeva, M.I. Lomaev.

Plasma Sources Sci. Technol., 27, 013001 (2018).
DOI: 10.1088/1361-6595/aaa072

[24] G.A. Mesyats, M.I. Yalandin, N.M. Zubarev, A.G. Sadykova,

K.A. Sharypov, V.G. Shpak, S.A. Shunailov, M.R. Ulmaskulov,

O.V. Zubareva, A.V. Kozyrev, N.S. Semeniuk. Appl. Phys.

Lett., 116, 063501 (2020). DOI: 10.1063/1.5143486
[25] S.N. Ivanov, V.V. Lisenkov, Yu.I. Mamontov. Plasma Sources

Sci. Technol., 30, 075021 (2021).
DOI: 10.1088/1361-6595/abf31f

[26] S.N. Ivanov. Plasma Sources Sci. Technol., 31, 055001 (2022).
DOI: 10.1088/1361-6595/ac6693

[27] E. Kunhardt, W. Byszewski. Phys. Rev. A, 21 (6), 2069

(1980). DOI: 10.1103/PhysRevA.21.2069
[28] L.P. Babich, T.V. Loiko, V.A. Tsukerman. Sov. Phys. Usp.,

33 (7), 521 (1990).
DOI: 10.1070/PU1990v033n07ABEH002606

[29] L.P. Babich. High-Energy Phenomena in Electric Discharges

in Dense Gases (Futurepast, Arlington, TX, USA, 2003)
[30] D. Levko, S. Yatom, V. Vekselman, J.Z. Gleizer,

V.Tz. Gurovich, Ya.E. Krasik. J. Appl. Phys., 111, 013303

(2012). DOI: 10.1063/1.3675527
[31] S. Yatom, A. Shlapakovski, L. Beilin, E. Stambulchik,

S. Tskhai, Y.E. Krasik. Plasma Sources Sci. Technol., 25,

064001 (2016). DOI: 10.1088/0963-0252/25/6/064001
[32] E.V. Oreshkin, S.A. Barengolts, S.A. Chaikovsky, V.I. Ore-

shkin. Phys. Plasmas, 22, 123505 (2015).
DOI: 10.1063/1.4936826

[33] G.A. Mesyats, Yu.I. Mamontov, I.V. Vasenina. Bull. Lebedev

Phys. Institute, 49, 336 (2022).
DOI: 10.3103/S1068335622100074

[34] E.H. Baksht, A.G. Burachenko, V.Yu. Kozhevnikov,

A.V. Kozyrev, I.D. Kostyrya, V.F. Tarasenko. J. Phys. D: Appl.

Phys., 43, 305201 (2010).
DOI: 10.1088/0022-3727/43/30/305201

[35] Yu.D. Korolev, G.A. Mesyats, Fizika impul’snogo proboya

gazov (Nauka, M., 1991) (in Russian).
[36] J.R. Dwyer, D.M. Smith, S.A. Cummer. Space Sci. Rev., 173,

133 (2012). DOI: 10.1007/s11214-012-9894-0
[37] G.A. Mesyats. Phys. Usp., 49, 1045 (2006).

DOI: 10.1070/PU2006v049n10ABEH006118

[38] V.V. Lisenkov, S.N. Ivanov, Y.I. Mamontov, I.N. Tikhonov.

Tech. Phys., 63 (12), 1872 (2018).
DOI: 10.1134/S1063784218120095

[39] K.I. Bakhov, L.P. Babich, I.M. Kutsyk. IEEE Trans. Plasma

Sci., 28, 1254 (2000). DOI: 10.1109/27.893314
[40] L.R. Peterson, A.E.S. Green. J. Phys. B: At. Mol. Phys., 1 (6),

1131 (1968). DOI: 10.1088/0022-3700/1/6/317
[41] G.A. Mesyats, M.I. Yalandin, A.G. Reutova, K.A. Sharypov,

V.G. Shpak, S.A. Shunailov. Plasma Phys. Rep., 38, 29 (2012).
DOI: 10.1134/S1063780X11110055

[42] M.V. Erofeev, E.K. Baksht, V.F. Tarasenko, Y.V. Shut’ko. Tech.

Phys., 58, 200 (2013).
DOI: 10.1134/S1063784213020060

[43] T. Shao, V.F. Tarasenko, C. Zhang, E.K. Baksht, P. Yan,

Y.V. Shut’ko. Laser Part. Beams, 30, 369 (2012).
DOI: 10.1017/S0263034612000201

[44] N.M. Zubarev, M.I. Yalandin, G.A. Mesyats, S.A. Barengolts,

A.G. Sadykova, K.A. Sharypov, V.G. Shpak, S.A. Shunailov,

O.V. Zubareva. J. Phys. D: Appl. Phys., 51, 284003 (2018).
DOI: 10.1088/1361-6463/aac90a

[45] D.V. Beloplotov, V.F. Tarasenko, D.A. Sorokin, V.A. Shklyaev.

Tech. Phys., 66 (4), 548 (2021).
DOI: 10.1134/S1063784221040046

[46] V.F. Tarasenko, D.V. Beloplotov, D.A. Sorokin. Tech. Phys.,

67 (5), 586 (2022). DOI: 10.21883/TP.2022.05.53674.317-21
[47] H. Bethe. Ann. Phys., 397 (3), 325 (1930).

DOI: 10.1002/andp.19303970303

[48] N.M. Zubarev, G.A. Mesyats, M.I. Yalandin. JETP Lett.,

105 (8), 537 (2017). DOI: 10.1134/S002136401708015X
[49] N.M. Zubarev, O.V. Zubareva, M.I. Yalandin. Electronics, 11,

2771 (2022). DOI: 10.3390/electronics11172771

Technical Physics, 2023, Vol. 68, No. 9



1214 N.M. Zubarev, O.V. Zubareva, M.I. Yalandin

[50] S.Y. Belomyttsev, I.V. Romanchenko, V.V. Rostov. Russ. Phys.

J., 51, 299 (2008). DOI: 10.1007/s11182-008-9052-z
[51] M.A. Gashkov, N.M. Zubarev, O.V. Zubareva, G.A. Mesyats,

K.A. Sharypov, V.G. Shpak, S.A. Shunailov, M.I. Yalandin.

JETP Lett., 113 (6), 370 (2021).
DOI: 10.1134/S0021364021060059

[52] A.N. Tkachev, S.I. Yakovlenko. Tech. Phys. Lett., 29, 683

(2003). DOI: 10.1134/1.1606788

Translated by Y.Deineka

Technical Physics, 2023, Vol. 68, No. 9


